While much has been learned about atrial fibrillation from large animal models, many of these studies are correlative. Geneticallyaltered mouse models have provided much information about such genetic diseases as the long QT syndrome, but have to date not been utilized much to study atrial fibrillation. The ability to study the importance of a single gene product in pathophysiology make this a potentially powerful tool to understand the causal relationship of several proteins and the substrate for atrial fibrillation. In this manuscript we review the techniques available to study atrial electrophysiology and some of the genetically-altered mouse models that have implications for atrial fibrillation.
Introduction
strate for sustained AF; however, the electrophysiologic abnormalities are different than the rapid atrial pacing Atrial fibrillation (AF) is a heterogeneous disease. It can model. In the heart failure model, atrial refractoriness is be idiopathic (or lone) or can be associated with a variety not changed at longer cycle lengths, lengthened at shorter of underlying conditions including hypertension, heart cycle lengths, and conduction shows regional slowing, but failure, mitral valve disease and aging. It also appears to be is not slow overall. We have reported a third model of a progressive disease, despite the underlying heart disease sustained AF, produced by chronic atrial dilation from -the longer the AF persists, the more difficult it is to mitral regurgitation [5] . In this model, atrial refractoriness restore sinus rhythm. In addition, paroxysmal AF often is prolonged at all cycle lengths and conduction is more becomes persistent with time.
heterogeneous. Despite these three models having different Several canine models of AF have given some insight electrophysiology, they all have the substrate for sustained into the substrate for maintenance of AF. The elegant work
AF. by Morrillo et al. and Wijffels et al. have demonstrated
Numerous physiologic abnormalities have been reported that prolonged rapid rates in the atrium produce elecwith the models (predominantly in the rapid atrial pacing trophysiologic changes (decrease in atrial refractoriness model) and in some studies of human atria (many of these and loss of rate adaptivity of refractoriness) that promote are described in detail elsewhere in this issue). These sustained atrial fibrillation [1, 2] . Li et al. have developed a include alterations in Ca channels, potassium channels, gap second model of electrophysiologic remodeling due to junctions, autonomic innervation, fibrosis, ultrastructural chronic congestive heart failure in dogs (produced by rapid changes, cytokines and paracrine factors [6, 7] . Despite the ventricular pacing) [3, 4] . This model develops the sublarge body of literature, precise mechanisms remain unknown and causal links between some of these abnormalities and atrial fibrillation are still lacking. This is largely due to the limitations of the models being used. standing of atrial fibrillation because they have clear eliminating (homozygous) or reducing (heterozygous) a correlates to human disease states, they produce myriad particular protein. alterations in physiology.
After in utero development, cardiac myocytes no longer In the past 20 years genetically-altered mice have been divide, making transfection (insertion of DNA into the host used to unravel the pathophysiology of some ventricular DNA) of genetic material difficult in the postnatal animal. arrhythmias including the long QT syndrome and For this reason, the majority of genetic alterations must be Brugada's syndrome. Applicability to atrial fibrillation has made early in in utero development. Therefore, in many been more limited for several reasons: no clear genetic transgenic and knockout models, cardiac development component to atrial fibrillation, the critical mass hypothitself is often affected by the genetic alteration. In addition, esis, and difficulty in studying the phenotype (i.e. atrial to restrict the expression of the transgene to cardiac tissue, electrophysiology). More recently, however, many of the a cardiac specific promoter (a genetic sequence which turns limitations of studying the phenotype has been overcome on the transcription of a particular protein from the genetic (see below) and the critical mass hypothesis has been code) is used. This is for a protein specific to the heart and challenged since ventricular fibrillation and atrial fibrillaknown to be produced throughout adult life in large tion have been produced in mouse models [8, 9] . Gequantities. Most often a myosin heavy chain promoter is netically altered mice are a potentially powerful tool to try used since this is produced in large quantities throughout to dissect out the importance of and causal relationship life. It is expressed in both the atrium and the ventricle. between the observed abnormalities described above and Expression can be further restricted by choosing a more atrial fibrillation. The purpose of this manuscript is to restrictive promoter. For example, an ANF promoter review the existing techniques and data that employ largely restricts the expression of the protein from the transgenic models to specifically study potential mechatransgene to the atrium. nisms of atrial fibrillation.
Techniques for study of electrophysiologic 2. Types of genetic alterations phenotype
Current molecular biology techniques to create geneticBecause of the small size of the mouse heart, functional ally altered animals does more than simply determine the electrophysiology of transgenic mice can be challenging. importance of a particular gene in producing a genetic Mouse electrophysiology can be affected by the type of disease; it is a powerful tool to determine the effects of a anesthesia used. For example, barbiturates slow the heart particular protein or part of a protein. Because of their rate down and can effect the surface ECG with a resultant relative inexpensiveness, short gestation and established increase in sinus cycle length of about 200 ms [10]. techniques, mice are frequently used, although rat and Tribromoethanol and urethane seem to have the least rabbit can also be used in some instances. Several types of effects [11] . Moreover, there appear to be differences in genetic manipulations can be performed. A transgenic different strains of mice; therefore, littermate controls are mouse is one in which a DNA sequence is inserted into the necessary for comparative data. Continuous ambulatory native genetic code of the animal. In most instances, the monitoring of mouse ECGs have also been described using inserted genetic sequence codes for a particular protein.
an implanted telemetry system or specially-designed cages This protein can either be functionally active or inactive. In [12] . However, the ability to resolve P waves and diagnose addition, it can act as either an activator or an inhibitor of atrial arrhythmias have not yet been demonstrated. another endogenous protein. The latter is often a geSeveral techniques have been described to study the netically altered sequence (resulting in the substitution of intact, in vivo mouse heart. These include transesophageal amino acid pairs into the protein sequence, rendering it pacing and recording which allows the recording of atrial inactive, but still able to bind to its respective receptor).
electrograms and pacing of the atrium to perform proAdditionally, an alteration of a protein rendering that grammed stimulation (Fig. 1) 2) . Gehrmann et al. [15] have developed a technique and a creased levels) of a particular protein or to produce a specially-designed catheter to perform transvenous, endonon-pharmacologic inhibitor of a particular protein. A cardial electrophysiology studies in mice. The catheter is knockout is a model in which a specific DNA sequence is 1.7 Fr octapolar catheter with 0.5 mm inter-electrode removed from the genetic code of the animal. Again, the distance which is placed via the jugular vein into the right sequence removed often codes for a specific protein.
atrium and right ventricle (Fig. 3) . The catheter can be Knockout models are useful to study the effects of used as a single pass catheter for pacing and recording and ability to obtain optically-derived action potentials (Fig. 4) [18].
Connexin models of AF
Atria express connexin 40, 43 and 45, which are thought to be important determinants of conduction. Although connexin 40 and 43 have clearly been demonstrated in the atrium, the presence of connexin 45 is somewhat more controversial, but likely does exist in the atrium, albeit at lower levels [21, 22] . To date knockout models of connexin 45 has not been studied, since they are embryonic-lethal due to abnormal vascular development [23, 24] . Homozygous knockout (Cx432 / 2; null expression) of connexin 43 is also lethal [25] ; however, heterozygous (Cx431 / 2) mice survive and have normal cardiac development. Controversy exists as to whether conduction abnormalities occur in the ventricle of these mice [17, 26] . There is little data concerning the vulnerability to atrial arrhythmias or survive without cardiac abnormalities. Two groups have studied these mice and have found no significant eleccan also record His potentials in mice [15] . In addition, it trophysiologic abnormalities in the ventricle, but did find has a lumen through which drugs can be infused.
prolonged sinus node recovery times, slowed atrial conAlthough these techniques are useful to determine duction and increased vulnerability to atrial arrhythmias arrhythmia vulnerability and refractoriness at a few select [13, 14] . Both groups found a significantly longer P wave sites, they are limited by being unable to measure conducduration on surface ECG in the homozygous null connexin tion abnormalities and multisite refractoriness, which are 40 mice (22.4-26.0 ms) compared to littermate wild-type important determinants of AF substrate. Higher resolution controls (16.7-17.9 ms) or in heterozygous littermates epicardial mapping has been described by van Rijen et al.
(16.8-18.5 ms) [13, 14] . Direct atrial conduction velocity using a multi-electrode array in the ventricle [16] . Howwas measured with a multiple electrode array placed on the ever, its utility in the atrium is unclear. Optical mapping epicardial surface of the atria in the study by Verheule et al. has also been used to obtain high resolution mapping of [14] . Atrial conduction velocity was 30% slower in the murine hearts. Morley et al. has used optical mapping to homozygous mice compared to the controls and heteroobtain high-resolution activation mapping in heterozygous zygous mice (which showed no significant slowing). connexin 43 knockout mice [17] . Others have used optical Interestingly, heterozygous mice, which have less than half mapping in other mouse models as well [18] [19] [20] . Not only the amount of Cx40 than wild-type controls [27] , did not does optical mapping allow measurement of conduction have significant conduction abnormalities [13, 14] . Morewith high spatial and temporal resolution, it also offers the over, there were no conduction abnormalities in the 1 / 2 Fig. 2 . Epicardial pacing and recording of the atrium in a Cx40 knockout mouse. The top tracing reveals the epicardial recording during paced induction of atrial fibrillation with a short burst. The pacing is following by atrial fibrillation and spontaneous reversion to sinus rhythm. ventricle. Atrial arrhythmias were also inducible in five of alterations become available, more complex alterations can eight homozygous mice in one study [13] and five of 10 be better assessed. mice in the other study [14] . In neither study were atrial arrhythmias inducible in wild-type, littermate controls. Fig.  2 shows an example of induced atrial fibrillation in one 4. Other mouse models of AF such mouse. Since the distribution of connexin 40 is similar in mice and humans, this may be a relevant model Fibrosis has been associated with atrial fibrillation in to test the relationship between alterations in connexins both human pathologic studies and in some animal models and atrial fibrillation. However, the studies in animal of atrial fibrillation [3, 31, 32] . However, atrial fibrillation models of AF (i.e. rapid pacing in goats) reveal a heterogeitself may also causes fibrosis [33] . Therefore, it is unclear neous decrease in Cx40 with no change in Cx43 [28, 29] whether fibrosis alone is sufficient to cause atrial fibrillaand an increase in Cx40 in patients susceptible to posttion. Nakajima et al. have described a unique transgenic operative atrial fibrillation [30] . Moreover, the abnormouse model which overexpresses a constitutively active malities in gap junctions are likely more complex than form of TGF-b1 [34] . In this model, heart development simply a decrease or increase in a specific connexin.
appears to be normal and the atria become progressively Changes in ratios of connexin expression, gating of gap fibrotic while the ventricle remains normal throughout life junctions or heteromeric gap junctions may play a more [34] . We have studied the electrophysiologic properties of significant role. As genetic models to investigate these the heart in these mice [9] . Surface ECG reveals normal There are currently few genetic models of AF. However, malities are potentially able to be tested with genetic
